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a b s t r a c t

RAF kinase plays a critical role in the RAF–MEK–ERK signaling pathway and inhibitors of RAF could be of
use for the treatment of various cancer types. We have designed potent RAF-1 inhibitors bearing novel
bicyclic heterocycles as key structural elements for the interaction with the hinge region. In both series
exploration of the SAR was focussed on the substitution of the phenyl ring, which binds to the induced fit
pocket. Overall, it was confirmed that incorporation of lipophilic substituents was needed for potent Raf
inhibition and a number of potent analogues were obtained.

� 2011 Elsevier Ltd. All rights reserved.
The RAS-mitogen activated protein kinase (MAPK) signaling inhibitors have been reported with strong anti-tumor activity on

pathway, which was the first signaling pathway elucidated from
the cell membrane to the nucleus,1 has been implicated in tumor
progression for a variety of human cancers. The RAF (rapidly grow-
ing fibrosarcoma2) kinases, which are serine/threonine kinases, are
part of the MAPK signal transduction cascade: RAF—MAPK/ERK ki-
nase (MEK)—extracellular regulated kinase (ERK). Following RAF
activation in response to external stimuli such as growth factors,3

the cascade is stimulated and MEK and ERK are sequentially phos-
phorylated and activated. ERK then regulates cell function by phos-
phorylating a variety of substrates in the cytosol and the nucleus.4

This cascade is a vital mediator of a number of cellular fates includ-
ing cell growth, differentiation, proliferation, survival, and other
aspects of cellular behavior that can contribute to the transformed
phenotype. All three RAF isoforms (RAF-1 or c-RAF, A-RAF, and
B-RAF) are able to interact with RAS and activate the MAP kinase
pathway.5–8 In addition, it has been shown that B-RAF binds to
c-RAF and activates c-RAF in a RAS-dependent manner, which re-
flects the complexity of the whole signaling pathway.9–12 Activating
mutations in KRAS frequently occur in various human tumors.13

Moreover, large-scale genomic screens have also detected muta-
tions of B-RAF in various cancer types, and therefore the RAF–
MEK–ERK pathway came to the fore as possible point of therapeutic
intervention in cancer.14 A number of small molecule RAF kinase
inhibitors containing diverse scaffolds have emerged in the recent
past.15,16 Beside several pan-RAF inhibitors also B-RAF selective
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mutant B-RAF (V600E) tumors. However, recent studies, which
show that B-RAF selective inhibitors do drive pathway activation
in the presence of oncogenic RAS, highlight the importance of under-
standing pathway signaling in clinical practice.9,17,18 By far the most
advanced pan-RAF inhibitor, BAY43-9006, Sorafenib,19 has been
developed and launched for the treatment of renal cell carcinoma,
although it has been pointed out that its activity against certain tu-
mor types may be due to inhibition of other kinases, for example,
VEGFR, rather than RAF.20 We explored structural modifications of
Sorafenib with the goal to optimize the activity on c-RAF even fur-
ther. The crystal structure of Sorafenib in complex with B-RAF
(PDB: 1UWH) served as a surrogate for structure-guided optimiza-
tion (Fig. 1).21,22 In this paper, we describe the design of RAF inhibi-
tors by implementing bicyclic heterocycles as novel hinge binding
motifs for this kinase.

Diverse heterocyclic groups have been used as hinge binding
moieties to generate interactions with the backbone of the hinge
region, for example, a pyridine in pyrazolopyrimidines23 or a
2-carboxyamidopyridine group in Sorafenib. Azaindoles24 or
pyridoimidazolones25 are further examples for hinge binding moie-
ties of RAF inhibitors. A more extensive exploration of alternative
hinge binders has been recently carried out by Zambon et al.26 In
our first approach we investigated the shift of the central phenyl ring
of Sorafenib, which is located in the inner hydrophobic pocket, to-
wards the pyridyl residue in order to gain an isoquinoline derivative.
We hypothesized that this modification should retain the inhibitor
in a stretched conformation and conserve the key interactions of
the hinge binding part as well as the urea moiety. Moreover, we
decided to keep the 2-carboxyamido group in our structures,
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Figure 1. Crystal structure of Sorafenib (Nexavar�, BAY43-9006) bound to B-RAF
kinase (PDB: 1UWH).
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because we expected this residue to contribute to the binding affin-
ity with an additional interaction to the hinge.

The prediction of the binding mode of a representative example
of the isoquinoline series in complex with B-RAF, which was per-
formed using the program GOLD,27 is illustrated in Figure 2. Like
Sorafenib the first series is thought to bind to B-RAF in a DFG-out
manner.

Upon modeling, we supposed that the isoquinoline nitrogen
forms a hydrogen bond with the hinge region residue Cys532 via
the backbone donor and a second hydrogen bond from the carbox-
amide NH to Cys532 via the backbone acceptor. The urea moiety is
well buried between the tight area formed by Glu501 of theaC-Helix
and Asp594. Furthermore, a p-stacking interaction of the central
ligand phenyl ring with Phe595 can be observed. Thus, we decided
to expand our understanding of the SAR of the isoquinoline series
based on this premise.

The isoquinoline analogues designed to obtain structure–activ-
ity relationships were synthesized by following the synthetic se-
quences summarized in Scheme 1. A key intermediate of the
multi-step preparation of the isoquinoline inhibitors 10a–n was
Figure 2. Model of compound 10d docked into the active site of B-RAF. This
representation depicts the extended conformation of the isoquinoline derivative,
and also indicates the importance of an aromatic ring reaching out to the inner
hydrophobic pocket.
compound 7. Thus, 7-hydroxy-1,2,3,4-tetrahydro-isoquinoline-3-
carboxylic acid 1a, which was prepared according to the literature
from commercially available reagents,28 was esterified in methanol
under acidic conditions to give 1b. Oxidation of 1b in xylene/DMF
using palladium on charcoal afforded 7-hydroxy-isoquinoline-3-
carboxylic acid methyl ester 2, and the phenolic group was subse-
quently converted to the corresponding triflate. Attempts to gain
the aldehyde 5 via Pd-catalyzed carbonylation of this species
failed. For this reason, we pursued an alternative route to obtain
compound 5 starting with a Stille coupling with tributylvinyl
stannane to generate the vinyl substituted intermediate 3. At this
point of the reaction sequence we could either proceed with the
methyl ester or the corresponding methyl amide derivative. The
exploration of both pathways in parallel up to compound 6 re-
vealed that the option to use methyl amide 4 as starting material
for the following synthesis steps was superior with respect to yield
and impurity profile of each of the following steps. 7-Vinyl-iso-
quinoline-3-carboxylic acid methyl amide 4 was prepared from
the corresponding methyl ester 3 by stirring with 2 M methyl-
amine solution in THF in presence of magnesium chloride at room
temperature.29 Subsequent osmium-catalyzed dihydroxylation of
the vinyl group followed by periodate-mediated cleavage of the
resulting diol afforded the aldehyde 5. In the dihydroxylation pro-
cess 1.1 equiv of N-methyl-morpholine-N-oxide (NMO) was used
to regenerate OsO4 facilitating work-up and avoiding byproducts.30

Attempts to gain the aminoethyl-substituted isoquinoline by con-
version of the aldehyde to the corresponding O-(ethoxycar-
bonyl)mandelonitrile followed by hydrogenation to the
alkylamine derivative as reported by Kashdan et al.31 was not
applicable to our substrate. Thus, we obtained the desired interme-
diate 7 by an alternative route as follows. The acetonitrile deriva-
tive 6 was obtained from compound 5 via reduction with sodium
borohydride, chlorination with thionylchloride, and nucleophilic
substitution with sodium cyanide in DMSO. Finally, the nitrile 6
was quantitatively hydrogenated over Raney nickel in ethanol in
the presence of ammonia to yield the key intermediate 7.

The final isoquinoline derivatives 10a–n were assembled using
two different approaches. Hence, amine 7 was reacted with
4-chloro-3-trifluoromethyl-phenyl isocyanate 8 in dichlorometh-
ane at room temperature to produce the urea 10f. Alternatively,
the desired ureas 10a–e and 10g–n were obtained by consecutively
treating aniline derivatives 9a–e and 9g–n with 4-nitrophenyl chlo-
roformate and amine 7 in dichloromethane at room temperature in
the presence of base. The syntheses of the aniline derivatives, which
were not commercially available, have been reported elsewhere.32

The biological activities of the compounds were determined in a
kinase assay.33 Our focus of the SAR was directed towards deter-
mining the importance of the substitution pattern of the phenyl
ring while maintaining the rest of the molecule intact (Table 1).
It is well known from RAF inhibitors belonging to different struc-
tural families15 that lipophilic substituents at the phenyl ring,
which binds to a region called the induced fit pocket,24 was needed
for potent RAF kinase inhibition. Therefore, we restricted the
exploration of the SAR at this position to such substituents. As-
sisted by our docking studies we surmised a similar elongation
and orientation of this type of inhibitors like Sorafenib. This was
also supported by the fact that derivatives containing a methylene
bridge between the 6- or 7-position of the isoquinoline moiety and
the urea unit were all inactive.34

We commenced our SAR effort with compound 10a bearing a
CF3 group at the meta position (R1). This derivative exhibits an
IC50 value of about 360 nM in a c-RAF kinase assay. By replacing
the CF3 group with other lipophilic, electron withdrawing substit-
uents—OCF3 (10b) or SO2CF3 (10c)—activity could be maintained or
slightly improved. However, we did not stick to the latter one due
to its negative impact on the molecular weight of the compounds.
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Table 1
c-RAF inhibitory activities of isochinoline derivatives 10a–10n
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Compound R1 R2 R3 Yield (%) c-Raf IC50
a (lM)

10a CF3 H H 69 0.36
10b OCF3 H H 82 0.26
10c SO2CF3 H H 59 0.20
10d H CF3 H 55 0.37
10e CF3 CH3 H 63 0.20
10f CF3 Cl H 48 0.16
10g CF3 F H 79 0.24
10h CF3 H F 67 0.25
10i CF3 H OCH3 73 0.12
10j CF3 H O(CH2)2N(CH3)2 23 0.45
10k Cl CH3 OCH3 37 0.11
10l CH3 Cl OCH3 55 0.19
10m CF3 Cl OCH3 70 0.08
10n CF3 Cl O(CH2)2N(CH3)2 54 0.34
Sorafenib (BAY43-9006) — 0.04

a c-Raf IC50 values were determined as described in Ref. 33.
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Moving the CF3 group from meta position (R1) to the para position
(R2) had no impact on activity as shown by analogue 10d. Having
established the requirement of a lipophilic group like CF3 in posi-
tion R1 of the aromatic ring, we explored the tolerance of addi-
tional substituents in other positions (R2, R3) as shown by
analogues 10e–n. Small residues like methyl, chloro and fluoro in
position R2 along with the CF3 group in the R1 position are well tol-
erated (10e–g). The introduction of a fluoro atom at this position
(10g) was less effective than a chloro atom, or a methyl group, sug-
gesting the importance of the substituent size. An electron donat-
ing substituent like a methoxy group (10i) in position R3 was better
than a fluoro atom (10h) improving potency compared to com-
pound 10a by a factor of 3. We attempted to use this position for
the introduction of solubilizing residues. However, as can be seen
by compound 10j and 10n this was not accomplished without
attenuating the c-RAF inhibitory potency. The preparation of a
few examples with substituents at all three discussed positions
brought further insights (10k–m). The CF3 group at position R1

(10l) is better than a methyl group (10m), but also a chloro atom
at R1 with suitable residues at R2 and R3 yields a potent inhibitor
(10k). This confirms that not only lipophilicity but also electronic
effects contribute to the impact of substituents at this position.
Compound 10m is the most active derivative of this series exhibit-
ing an IC50 value of 82 nM against c-RAF kinase, which is almost as
potent as Sorafenib (IC50: 40 nM) in our assay.

The docking studies suggest dividing these derivatives into two
subseries based on the observed interaction patterns. Most of the
isoquinoline derivatives display a similar binding mode compared
to Sorafenib. However, the derivatives bearing solubilizing groups
(10j, 10n) do not interact with the hinge anymore, which might ex-
plain the inferior activity (Fig. 3). Some binding poses lack the opti-
mal hydrogen bond pair between the backbone atoms of the hinge
region and the ligand carboxamide atoms. As a consequence, we
planned to explore reversed carboxamide for the benzimidazole
series.

In our second approach we replaced the isoquinoline moiety by
a substituted benzimidazole residue. This heterocycle has been
exploited as hinge binder in Tie-2 and VEGFR-2 inhibitors35 and
we surmised a similar binding mode for our compounds to the
hinge region of c-RAF. Similar to the isoquinoline derivatives we
expected that shape and extension of the inhibitor in the binding
pocket are essential for retaining the key interactions of the hinge
binding part as well as the urea moiety. As for the previous series
we tried to improve the potency of the compounds by exploring
the SAR of the phenyl moiety. However, since solubility is a com-
mon issue of urea type inhibitors, in addition we tried to identify
a position for the introduction of water solubilizing groups without
affecting c-RAF inhibitory potency.

Synthetic methods for building the benzimidazole derivatives
were established and are summarized in Schemes 2 and 3. Hence,
for the preparation of derivatives 19a–s two synthetic routes were



Figure 3. Predicted binding mode of compound 10n, which lacks the protein hinge
contact, but indicates gain of activity through the additional substituent.
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developed. In route I, depicted in Scheme 3 and 4-(2-aminoethyl)-
2-nitro-phenylamine 13 was reacted with isocyanate 8 or aniline
9i using the coupling conditions described for the isoquinoline ser-
ies, whereas, the benzimidazole moiety bearing different func-
tional groups was formed at a later stage. This route was used to
obtain compounds 19a,b,d,e allowing us to discover the most suit-
able substitution of the imidazole core for the interaction with the
hinge region. In route II (Scheme 2 and 3), the benzimidazole ring
is formed first to generate the complete hinge binding part, which
could be subsequently modified to the desired urea derivatives.
This second route is more suitable to quickly explore a range of dif-
ferent residues for the hydrophobic pocket in a parallel fashion,
since there are just one or two steps, respectively, from the com-
mon intermediate to the final product. This method was adopted
for the synthesis of compounds 19c,f–s. However, similar to the
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preparation of intermediate 7, the synthesis of building block 16
was not straightforward as outlined in Scheme 2.

The key intermediate for both synthesis routes was 4-(2-amino-
ethyl)-2-nitro-phenylamine 13,36 which was obtained from
commercially available N-[2-(4-nitro-phenyl)-ethyl]-acetamide
11 in four steps. Hydrogenation of the nitro group over Raney nick-
el in methanol followed by an acetylation with acetic anhydride
afforded diacetamide 12.36 Subsequent nitration with nitric acid
in acetic anhydride and deprotection of the amino groups by
refluxing in 6 N hydrochloric acid yielded 4-(2-aminoethyl)-2-ni-
tro-phenylamine 13.36 The next step for the preparation of the
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ridine, CH2Cl2, rt, 1 h; (ii) 13, DIPEA, rt, 30 min, 69%; (b) H2/Raney-Ni, MeOH/THF, rt,
, 30 min, 52–57%; (e) trichloromethyl acetimidate, AcOH, 0 �C to rt, 1 h, 50–68%; (f)

CH2Cl2, rt, 3 h, 40%; (i) (i) p-NO2PhOCOCl, pyridine, CH2Cl2, rt; (ii) 16, DIPEA, rt, 19–



Table 2
c-RAF inhibitory activities of benzimidazole derivatives 19a–19s

N
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Compound R1 R2 R3 R4 c-Raf IC50
a (lM)

19a CF3 H OCH3 CONHCH3 0.34
19b CF3 H OCH3 NHCOOCH3 0.81
19c CF3 H OCH3 NHCOCH3 0.17
19d CF3 Cl H CONHCH3 0.28
19e CF3 Cl H NHCOOCH3 0.66
19f CF3 Cl H NHCOCH3 0.14
19g CF3 H H NHCOCH3 0.48
19h Cl Cl H NHCOCH3 0.48
19i Cl CH3 H NHCOCH3 0.53
19j Cl CH3 OCH3 NHCOCH3 0.19
19k CH3 Cl OCH3 NHCOCH3 0.32
19l CH3 H O(CH2)2NHCH3 NHCOCH3 0.58
19m CH3 Cl O(CH2)2NHCH3 NHCOCH3 0.49
19n CF3 H O(CH2)2NHCH3 NHCOCH3 0.21
19o CF3 Cl O(CH2)2NHCH3 NHCOCH3 0.23
19p CH3 Cl O(CH2)2NH2 NHCOCH3 0.55
19q CF3 H O(CH2)2NH2 NHCOCH3 0.25
19r CF3 Cl O(CH2)2NH2 NHCOCH3 0.18

19s CF3 H
N

O

NHCOCH3 0.23

a c-Raf IC50 values were determined as described in Ref. 33.
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common intermediate 16 for synthesis route II was the protection
of the aliphatic amine by reaction with di-tert-butylcarbonate at
low temperature.36 Diamine 14 was obtained by reduction of the
nitro group with hydrogen and palladium on charcoal in methanol.
For the cyclization of diamine 14 with cyanogen bromide we ap-
plied the protocol of Zou et al.,37 yielding the 2-aminobenzimidaz-
ole derivative 15 quantitatively. In order to avoid the cleavage of
the Boc-protecting group under the acetylation conditions an ex-
cess of base was added to the reaction mixture and the reaction
was performed at low temperature. However, under these
conditions a mixture of the endo- and exo-acetylated product was
obtained as shown by NMR-spectroscopy. The product mixture
was rearranged in pyridine at elevated temperature to the desired
2-acetylaminobenzimidazole derivative.38 Removal of the Boc-
Figure 4. Predicted binding mode of compounds 19e (A) and 19f (B) displaying a diff
whereas depiction of 19f illustrates favorable orientation of the hinge binding moiety.
protecting group under standard conditions gave rise to N-[5-(2-
aminoethyl)-1H-benzoimidazol-2-yl]-acetamide 16.

Benzimidazole derivatives 19 bearing different functional
groups at the 2-position were prepared as follows (route I, Scheme
3). Urea derivatives 17 were obtained by reaction of 4-(2-amino-
ethyl)-2-nitro-phenylamine 13 with isocyanate 8 or aniline 9i
applying the coupling conditions used for the isoquinoline com-
pounds 10 and subsequent hydrogenation of the nitro group. Cycli-
zation of the diamine 17 to compound 18 was performed according
to the procedure described above.37 The carbamate derivatives
19b,e were synthesized by carbamoylation of 2-aminobenzimidaz-
ole derivatives 18 with methyl chloroformate in the presence of
base. To obtain 2-benzimidazolecarboxamide derivatives 19a,d,
diamine 17 was reacted, with trichloromethyl acetimidate in acetic
acid, according to a procedure described by Louvet et al.,39 to give
the corresponding trichloromethylbenzimidazole derivatives.
These intermediates were converted to the required carboxylic
methyl esters in methanol in the presence of sodium carbonate.40

Finally, treatment of the esters under conditions described for
compound 4 afforded the target methyl amides 19a,d.

Scheme 3 also shows the second part of route II, where the amino-
alkyl substituted benzimidazole intermediate 16 was reacted with
isocyanate 8 or anilines 9a,i,k,l,o–x using the conditions described
for the preparation of compounds 17 and thus generating the final ur-
eas 19c,f–s. The synthesis of the aniline derivatives, which were not
commercially available, has been reported elsewhere.41

The biological data of this series, which are summarized in Ta-
ble 2, clearly show that all derivatives exhibit a reasonable inhibi-
tory potency against c-RAF. On this account we believe that our
assumptions regarding the required length and orientation of this
type of inhibitors were confirmed. As for the isoquinolines, this
was supported by the observation that variation of the linker be-
tween urea and benzimidazole moiety was again detrimental for
potency.34 Comparison of derivatives 19a–f (Table 2) bearing dif-
ferent residues at position R4 of the benzimidazole part revealed
that an acetylamino group provides the best activity. This residue
is two times more potent than the methylamide residue, and al-
most five times more potent than the methyl carbamate. Thus,
for all further derivatives this part of the molecule remained un-
changed. Hypothetical binding orientation of 19e (Fig. 4) suggests
unfavorable interactions between ligand and protein at the hinge
region, while 19f displays apparently reasonable orientations.27

The SAR of the phenyl substitution is quite similar to that of the
previous series. Lipophilic substituents at R1 are needed for potent
erent hinge binding behavior. Depiction of 19e suggests unfavorable interactions,
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c-RAF inhibition. Compound 19g bearing a CF3 group at this posi-
tion exhibits an IC50 value of about 480 nM against c-RAF. The po-
tency of the compounds was significantly improved by the
introduction of additional substituents in other positions, for
example, a chloro atom in R2 (19f) or a methoxy group in R3

(19c). A CF3 group at position R1 (19f) is better than a chloro atom
(19h), but in combination with a methoxy group in R3 potency can
be regained (19i and 19j). Compound 19k is another example that
proves the need for a lipophilic, electron withdrawing residue at
position R1. This methyl substituted derivative with suitable resi-
dues at R2 and R3 is less potent than the disubstituted derivatives
19c or 19f. Nevertheless, during the exploration of the SAR at posi-
tion R3 we adhered to the methyl group at R1 due to the better
physicochemical profile of the compounds. However, the lower
activity of all these derivatives confirmed the need for electron
withdrawing residues at position R1. As for the first series, we used
position R3 for the introduction of solubilizing residues like ali-
phatic amines. Interestingly, the potency of the benzimidazoles
was less affected by this modification. We assume that the loss
of the acceptor hinge binding interaction is compensated by a salt
bridge formed by the amine of the solubility anchor to the Asp594
side chain. Moreover, these derivatives are better soluble. For
example, solubility of compound 19n is improved by a factor of
about 7 compared to compound 19c.42

In conclusion, we have designed potent c-RAF inhibitors bearing
novel bicyclic heterocycles as key structural elements for the inter-
action with the hinge region. In both series exploration of the SAR
was mainly focussed on the substitution of the phenyl ring, which
binds to the induced fit pocket. Overall, it was confirmed that incor-
poration of lipophilic substituents was needed for potent RAF inhi-
bition and a number of potent analogues were obtained.
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